Prologue
The mouse genetics program at Oak Ridge was conceived only 2 years after the Hiroshima and Nagasaki bombs had exploded and there was a keenly perceived need to learn what the world's new atomic capability (and attendant phenomena, such as atmospheric fallout from atomic-bomb tests, or the operation of nuclear power plants) might mean, not only for exposed people but for their descendants. Perhaps because of this original motive for creating the program, it is often remembered chiefly for the germ-cell mutation-rate data it generated and their uses in estimating the risk of heritable radiation damage. In fact, it soon became a multifaceted research effort that, over a period of almost 60 years, generated a wealth of information in the areas of mammalian mutagenesis, basic genetics (later enriched by molecular techniques), cytogenetics, reproductive biology, biochemistry of germ cells, and teratology. This history summarizes some of the most important findings in each of these areas and gives a few key references for each topic.
The beginnings and the facility
In 1946, when Dr. Alexander Hollaender began to develop a Biology Division at what was then the Clinton Laboratories at Oak Ridge's X-10 site, his vision was to staff it with investigators working on a variety of organisms in a variety of mostly basic areas of research, among which genetics was prominent. While much of this research did not directly address questions of radiation risk, funding realities dictated that a prominent part of the Division's work should do so, and a mammalian genetics program would fit this role. Dr. Hollaender recruited William Lawson (Bill) Russell, then working at the Roscoe B. Jackson Memorial Laboratory in Maine, whose imaginative research on phenotypic variability within inbred strains had, among other things, led to his developing the technique of ovarian transplantation and genetic markers for it. The reason Bill chose to accept the job at Oak Ridge was that, unlike other institutions trying to attract him, Hollaender's new Division had no nepotism rules, and Liane Brauch (Lee) Russell, who had recently become Bill's wife, would be able to conduct independent research.
At that time, almost all that was known about radiation mutagenesis came from work on Drosophila (mostly from Hermann J. Muller's lab) and on maize (mainly Lewis J. Stadler's lab). In considering the possible directions of the contemplated mammalian work, some of Hollaender's advisors suggested that all that was needed was to determine one good quantitative crossreference point between mouse and Drosophila and, after that, simply to apply the appropriate ratio to the extensive Drosophila findings to arrive at estimates of human risk. Bill, however, was concerned about the major ways in which germ-cell development and the properties of mammals differ from those of Drosophila and did not support this minimalistic strategy. To help him decide on the most effective approach, he conducted lengthy discussions with Professors H.J. Muller and Sewall Wright (who had been Bill's mentor). Each supported a different approach: Muller, a backcross search for recessives; Wright, F 1 screening for visible dominants. Bill chose neither one.
To meet his objectives of not only determining that crossreference point but also investigating the factors that influence germ-cell mutation rates in mammals, he developed the specificlocus test (SLT), a highly objective and quick method for scoring recessive mutations in F 1 mice (i.e., no complicated mating schemes were needed), where they were detectable opposite an existing recessive allele supplied by the mate [1] . He was fully aware that a handful of selected markers could not be used with accuracy for calculating whole-genome rates. Instead, the method was ideally suited for conducting the numerous comparative studies needed for the exploration of physical and biological variables of germ-cell mutagenesis (e.g., type of mutagen, dose, dose rate, sex, germ-cell stage, age). The test used 7 markers for phenotypes that are accurately detectable on simple visual inspection. A technician could score about 2000 loci per hour.
Building up the mouse resources required for this and other research was greatly complicated by fact that only a few weeks prior to our arrival at Oak Ridge, a large forest fire had totally destroyed the Jackson Lab in Maine and its entire mouse population. The special stocks of mice that Bill had prepared to move to Oak Ridge were gone, and importing appropriate genetic resources from other labs around the world from which to rebuild these stocks had become very difficult because the much larger and better-known Jackson Lab was also trying to rebuild genetic resources and was often given preference when requests were filled. Somehow, we discovered an unusual source of supply -a Florida pharmacist whose hobby was mouse fancy. In a spotlessly clean converted garage in his backyard, Mr. Holman was breeding the coat-color mutants that were needed as markers in the specific-locus test, as well as numerous other variants. Bill greatly admired the beautiful wooden boxes Mr. Holman had constructed for shipping the mice, and this encouraged Mr. Holman to redouble his efforts in supplying stocks. He did not have standard inbred strains, but these were eventually, though slowly, imported from labs around the country.
While I was making crosses to breed imported mouse stocks in simple wooden cages in an improvised mouse room in a wing of the Clinton Laboratory's original cafeteria, Bill was working on plans for the large mouse facility in which the research would eventually be conducted. He designed the durable plastic double cages (later adopted by other mouse facilities) that would stack without jamming and would drain wash water, the stainless steel covers with their integral feed hoppers and bottle supports, the bottle-washing carts within which bottles could be drained, sterilized, refilled, and wheeled back into mouse rooms, and the large, automated cage washers.
Dr. Hollaender, who had for some time been energetically exploring opportunities for housing what was to become the large Biology Division, had secured a group of sizeable buildings at the Y-12 site, in another valley. These had been built for wartime projects, some of which never came to fruition, and they were now empty. Division investigators moved into one in late 1948, but the adjacent 3-story building that was to become the Mouse House (Bldg. 9210) required removal of existing equipment and extensive construction before the Mammalian Genetics Section could start occupying the first floor in February 1949. Three months later, pilot studies with a borrowed X-ray machine yielded the first mutant. Over the years, as the experiments grew, and as funding became available, the second floor was occupied in the mid 1950s and, finally, the third about 5-6 years later. After that, the facility could house altogether 36,000 double cages, each side holding from 1 to 6 same-sex adult mice, or a litter with its parents or single mother. On the first and second floors, three rows of mouse rooms occupied the central portion of the building, while offices, laboratories, and support facilities were arranged around the perimeter. On the third floor, the entire space (except for cage-and bottle-washing facilities, a meeting room, and, later, a gamma-ray exposure room) was devoted to four rows of mouse rooms. Each of the 66 mouse rooms in the building contained four sets of cage racks -one each fastened to the opposite long walls, and two on the opposite sides of a central support structure -creating two long aisles. On each rack, each of seven ''shelves'' consisted of three long metal pipes resting on brackets, so that any debris or dust, instead of collecting on a solid shelf, would fall through to the concrete floor from which it was hosed at frequent intervals (Fig. 1) .
When the facility came to include a third floor, a passenger elevator was installed in a shaft constructed on the outside of the south wall. On one famous occasion, a visiting Congressman got stuck between floors. The emergency crew we called wouldn't believe our frantic appeals to come to the rescue of Congressman Baker because they had just seen Senator Baker on TV speaking from Washington. That Congressman was only one of many VIPs to visit the Mouse House over the years. Others included Queen Frederica of Greece in a magnificent fur coat, whose perfume overpowered the mouse odor, and Al Gore, Jr., who visited both as a congressman and a U.S. senator, and spent hours each time listening with interest to research accounts.
The SW corner of the third floor was equipped as a gamma-ray exposure room, with a retractable 137 Cs source in a lead pot on the floor. Above it was an ''umbrella'' of three concentric circles of pipe-support for cages where mice were housed for protracted irradiation. Farther out, concentric arcs were painted on the floor to guide the placement of specially constructed racks holding cages where mice could live for months exposed to lower dose rates of gamma radiation (Fig. 2) . Another gamma-ray source ( 137 Cs) was below ground near Bldg. 9210, and a third one ( 60 Co) in an adjacent building. An X-ray machine, in which mice were exposed in Lucite wheels, was located in a corner of the first floor (Fig. 3) . For neutron exposures in a cyclotron or in reactors, mice had to be driven to X-10. The most unusual neutron exposure was provided by a bomb test in far-away Nevada, as related in Section 2.
Among the most expensive and carefully maintained features of Building 9210 was a sophisticated air-handling system that featured chemical-warfare filters, frequent air changes, and positive pressure (to avoid entry of unfiltered air). Not only was it deemed essential to maintain constant ambient conditions for the mice -a temperature of 72 8F and humidity of 50% -but any air pollution that might affect ''spontaneous'' mutation rate had to be ''umbrella'' structure above the source holds cages in which mice are exposed to 0.009 R/min ($90 R/week). Exposure on racks around the periphery of the room is 0.001 R/min ($10 R/week). Technicians in the room are Elizabeth Phipps (below ''umbrella'') Clyde Montgomery (on steps), and Georgia Guinn.
avoided. (In the 1950s, when home air-conditioning was rare, the Mouse House's ideal conditions may have encouraged some staff members to work longer hours than they normally would have!). Bldg. 9210 was a spotlessly clean, but not pathogen-free, facility. It was Bill's philosophy that mice would be healthy if they were able to develop resistance to minor environmental pathogen exposures; and, in fact, in over five decades of operation there was no major disease outbreak or epidemic, and the productivity of individual stocks (except those genetically impaired) remained high and constant. The modus operandi also facilitated interactions between the research staff and their animals. People could move between laboratories or offices and mouse rooms whenever they felt the need, and without having to undergo elaborate procedures of showering and changing clothes.
The ''conventional'' status of the colony became a problem in the 1980s and 1990s, when annual AAALAC (Association for Assessment and Accreditation of Laboratory Animal Care) inspections were required, when more and more laboratories around the country were pathogen-free, and when it had become evident that the presence of pathogens might interfere with the molecular techniques increasingly being used in genetics research. Along with the gradual deterioration of Bldg. 9210, the ''conventional'' setup became the impetus for constructing a pathogen-free facility at X-10 into which the mouse colony (or what was by then left of it) moved in 2003.
The people of the Mouse House
Administering to the physical needs of the mouse population was a group of reliable animal caretakers. The first one, George Heath, hired to take care of the fledgling colony in the single mouse room at X-10, worked alone for a year. He loved making pronouncements, one of which we still use: ''It's not the heat, it's the humanity.'' After the move into Bldg. 9210, as the mouse population increased, the group of animal caretakers gradually enlarged and reached its maximum number of 21 in 1989. Once a week, one set of animal caretakers (the ''changers'') transferred each mouse to a clean cage with its bedding of wood shavings, along with the cage-cover (in which the feed hopper was refilled to the top), the pen tag in its holder, and the water bottle. Another set of caretakers (the ''waterers'') subsequently exchanged all bottles for clean, freshly filled ones. The animal caretakers knew that if they immediately reported any mistake (e.g., an escaped or misplaced mouse), they would never be penalized; but if a mistake that led to the mixing up of mice or records was covered up, there could be serious scientific consequences. While transferring mice, they occasionally detected new mutants prior to the regularly conducted checks by the scientific staff, and this was a source of justifiable pride for them, providing an extra bond with the research community. The senior investigators and technicians had very cordial relations with the animal caretakers, which, for the first three decades or more, were all African American and all male. During the World Series season, Bill, who was a great baseball fan, would disappear into their secret lunchroom (tucked between the main floors) and join them in listening to the games on a radio that was not supposed to be played in the facility.
A local veterinarian, Dr. Jim Kile, came on board almost from the beginning to assist Bill with supervising the construction and, later, maintenance of the facility and with supervision of the caretaker staff. In 1950, these functions were taken over by Louis Wickham, at that time a graduate student in cytogenetics, who, incidentally, turned out to be a talented self-taught cartoonist. His series of cartoons of mouse mutant types ranged from the simplerecessive and dominant (mice in human clothing contemplating drinks at a bar), to the complex -balanced lethals (a sexy-looking mouse waitress balancing a martini on each upturned palm) (Fig. 4) . His subject matter expanded to take in mouse transportation to the Nevada bomb test (below, in Section 2) and included even external subjects such as the Army/McCarthy hearings by Congress and TVA's dam-building frenzy. Louis was soon joined by Ralph Inman who took over as sole supervisor when Louis retired in 1981.
In contrast to the initially all-male group of animal caretakers was an initially all-female group of technicians, who carried out the mutagenic exposures, searched for resulting variants, performed the genetic testing (allelism, homozygosity, etc.) to characterize presumed mutants, subsequently propagated the mutant stocks, and assisted in more complex genetic investigations. The very first (and, for some time, the only) technician, Josephine Gower, initially assisted Bill with the ovarian transplant studies that provided the first evidence for the female nature of X0 mice (Section 8.1.1). When more technicians came on board after the move into Building 9210, Jo organized the work of others, recorded detailed experimental protocols, collected tabulated data for Bill, etc. This important role of head technician was taken over in 1957 by Elizabeth (Ling) Kelly and, after Ling's retirement in 1979, by Pat Hunsicker, who stayed on beyond the demise of the program to archive records and respond to inquiries about experiments and stocks. From an average number of perhaps half a dozen in the early 1950s, the number of technicians soon increased to a range of 15-18, but gradually declined in the 1980s.
Typically, the technicians were recent college graduates (some with master's degrees), and the early ones from southern women's colleges would not, by Gone-With-The-Wind imagery, have been expected to take to working with mice. One of these Southern belles, hired in 1949, developed a technique for handling the occasional escaped mouse as it frantically darted about the floor, by squatting and lowering the spread-out skirt of her lab gown over the stray. Calmed down by the darkness, the stray was then easier to catch. At a time when the scientific staff elsewhere at ORNL was still all-white, the Mouse House technicians came to include three young African-American women (one of whom was the first college-graduated African-American technician hired at ORNL) and later two men. Over the decades, the mouse-genetics technicians remained a truly congenial group, both at work, where they gathered in their lunch-and-coffee room, and outside, where they supported each other in personal endeavors and crises, organized frequent group gatherings (which often included Bill and me), and formed bowling teams. As various senior investigators joined the program, there came to be another type of technician, who usually worked alone, and usually in a lab. These were welcomed by the large mouse-genetics ''pool'' whenever they were willing and able to participate.
For the first few years the program operated with very few senior investigators. E.F. (Gene) Oakberg (Section 6) joined Bill and me in 1951, but then almost a decade went by before the arrival of Bill Welshons and Ernest (Ernie) Chu (Section 8.1.1), each of whom stayed only a couple of years. During that time, there were several research participants, visiting investigators, and postdocs (Arnold Grobman, Robert Auerbach, Will St. Amand, Bruce Cattanach). Then, in the mid-1960s the pace of adding senior investigators picked up, and starting in the late 1980s, several of them had graduate students and postdocs working in their labs (Fig. 5 ). Several will be mentioned in subsequent sections in the context of their research. Statisticians from other Divisions at ORNL (Allen Kimball, Toby Mitchell, Dave Gosslee) often became integral members of research teams.
Administratively, the program was a section of the very large Biology Division. Our section name always started with 'Mammalian Genetics' but at various times it added 'and Development,' or 'and Teratology,' or 'and Reproduction.' Bill was Section Head from the beginning until he was made to retire in 1975, when the retirement age of 65 was still mandatory. (He stayed on as ''consultant'' for the rest of his life and continued to make scientific contributions -see, e.g., Section 5.1.2). At that time, John Storer, who had just become Division Director, reorganized the entire Division into fewer sections, so that I, having taken over from Bill as Section Head, suddenly found myself in charge of 27 Ph.D.'s, 10 postdocs, and over 150 support personnel of the new Mutagenesis and Teratogenesis super-section. It was an administrative nightmare, which fortunately ended after 3-4 years with restoration of the original section structure (and the Mammalian Genetics name), allowing me to pick up some of my interrupted research. In 1995, Rick Woychik took over as Section Head, but he left ORNL 2 years later and was succeeded by Dabney Johnson, who during her 10 years made ORNL into the prime initiator of the breeding of mice for the Collaborative Cross, which is currently getting increasing attention (Section 9).
The mouse genetics program had contacts all over the world. The United Kingdom initiated a related program in the early 1950s, first at Edinburgh and later at Harwell. In the mid-1960s, the Federal Republic of Germany recruited Udo Ehling, who had worked at the Mouse House for several years before that (Section 5.1.2), to set up and head a big mouse germ-cell-mutagenesis program at Neuherberg near Munich. There was much reciprocal visiting among these labs over the years. Alex Hollaender was a genius at fostering international contacts and collaborations. He helped organize scientific conferences on current topics all over the Americas and Europe, and he sponsored scientists from the participating labs as multi-year visitors to Oak Ridge. The long-term and visiting investigators in the Mouse House were of many nationalities and origins -the Philippines, Britain, Germany, Argentina, Italy, Switzerland, Japan. Among the several risk-assessment committees and commissions on which members of our staff served were some international ones, e.g., the United Nations Scientific Committee on the Effects of Atomic Radiations, which regularly met in Geneva and subsequently in Vienna (Bill Russell and, later, Paul Selby), and the International Commission for Protection against Environmental Mutagens and Carcinogens, which usually met in France (Lee). And some of the chemicals on which we worked had interest groups in foreign countries, e.g. hycanthone, which was used to treat schistosomiasis, in Egypt and Brazil, where the disease was rampant and where Bill was asked to address conferences.
A memorable, trip took place in February of 1953, when Bill and Gene Oakberg drove off to the Nevada desert to expose mice to neutron irradiation in what turned out to be almost the last of the above-ground bomb tests. Their transportation was an old Ford sedan, with cages arranged on a plywood structure that had been constructed to fit on the floor in front of the back seat. As they stopped at roadside motels along the way, they would wait for darkness to fall before carrying this structure, which looked like a small child's coffin, into their room to fill the water bottles (which had to be left off the cages all day during the bumpy rides), and to check for vaginal plugs in mated mouse females destined to be irradiated at timed stages of pregnancy. At the test site, the mice were exposed in the air-conditioned interior of 7 00 -thick lead hemispheres sitting on the desert floor at varying distances from the bomb tower. In the days preceding the test, Bill and Gene, and other researchers with whom they shared Army barracks, underwent repeated training sessions for removing the mice as rapidly as possible after the detonation, when the ground was so radioactive that no one could stay more than a few minutes. Bill accompanied the mice back to Oak Ridge in an old DC3 army plane, and when he got to the Lab, he was ordered to wear shoe scuffs into 9210, not because he was ''hot'' (he had worn protective clothing in Nevada), but because the fall-out cloud from the blast had preceded him and spilled its content onto Oak Ridge.
Interrelation of research areas
While germ-cell mutagenesis research was the basic rationale for initiating the Oak Ridge program, it was, from the beginning, not the only area of investigation. Before mutagenesis managed to get under way, delayed by the need to build mouse stocks and facilities, another major area of research -teratogenesis -was added, almost by accident (Section 4). For the mutagenesis effort, in the meantime, in planning SLT procedures that would provide information most pertinent to the assessment of genetic hazards to human populations, Bill was well aware that the most important germ-cell stages were those in which genetic damage could accumulate, namely, stem-cell spermatogonia and resting oocytes. At that time, very little was known about the timing and the kinetics of mouse germ-cell development. Gene Oakberg, who was recruited in 1951 and retired in 1985, generated classical information not only on normal mammalian gametogenesis, but on the effects of radiations and, later, of chemicals on testes and ovaries -information that was essential to the interpretation of the mutagenesis data (Section 6) (Fig. 6) .
Also important for the interpretation of mutagenesis data, particularly those generated with chemicals, was basic information on the properties of the biological system in which the genetic effects were produced, e.g., on interactions between mutagens and their molecular targets in various stages of germ-cell development (Section 7). To this end, Gary A. Sega, a member of the program between 1971 and 1990, developed and applied techniques for molecular dosimetry, detection of in vivo DNA repair, and measurement of DNA strand breakage. Patterns of adduct binding discovered in his laboratory could be correlated with patterns of induction of transmissible gross chromosomal damage investigated by Walderico (''Waldy'') Generoso's group (Section 5.2.1). Some of Sega's research also led to the development of methods (UDS; single-strand breaks in sperm DNA) for identifying potential mutagens.
The scoring for specific-locus mutations and other genetic endpoints produced a very large number of mutations at the seven loci and elsewhere in the genome, as well as numerous interesting chromosome aberrations. Early in the program, Bill and I decided not merely to count these for mutation-rate data, but to propagate and maintain many of them in breeding stocks to be available for basic research (Section 8). There were cross-referencing records for each stock -a breeding card (for each mated female), a ledger entry (for each litter), a pen tag, and a pedigree (for each stock). It took only minutes to trace the origin of any given mouse back over numerous generations.
The specific-locus and other mutants soon became highly valuable genetic tools for correlated structure/function analyses of selected genomic regions (Section 8.5). In turn, the genetic and molecular analyses of the mutations helped in defining the actions of mutagens, thus feeding back into the area of mutagenesis. Early on, the discovery of a sex-linked mutation and of numerical sexchromosome anomalies furnished the evidence for the basic mechanism of sex determination in the mouse (Section 8.1.1). Again, feeding back into the area of mutagenesis, this discovery led to development of a new method for detecting effects of radiations and chemicals. Among numerous chromosome aberrations discovered, the most interesting were X-autosome translocations [T(X;A)s], the study of which led to the development of the singleactive-X-chromosome hypothesis and associated findings (Section 8.1.2). The T(X;A)s constituted examples of functional mosaicism; in addition, SLTs yielded numerous instances of genetic mosaicism that occurred spontaneously or could be induced (Section 8.4). Not only T(X;A)s, but a great miscellany of autosomal rearrangements yielded up their secrets to cytogenetic studies (Section 8.3) which, among other things, provided information on the causes of genetic male sterility (Section 8.2). Finally, because the mouse and human genomes contain numerous homologous genes and extended regions of synyteny, certain of the induced and spontaneous mutations provided valuable experimental systems for the study of human genetic disease, and others made it possible to assign functions to human DNA sequences that might otherwise be characterized only at a DNA-sequence level (Section 8.6).
Teratogenesis: A prelude to mutagenesis

Critical periods in prenatal development
As soon as the single, primitive mouse room was set up at X-10, a program in teratogenesis got under way, almost by accident. For a while, this was the only ongoing research, mutagenesis studies having been delayed by the need to build mouse stocks and facilities. I wanted to explore the possibility of scoring somatic mutations at some of the same loci that were to be used as markers in the germ-cell specific-locus test (SLT). To carry out the somatic mutations experiment, it was necessary to identify the optimum embryonic stage at which irradiation might produce mutant sectors large enough to be readily detectable, yet small enough to sample a significant number of at-risk precursor cells from which the single mutated one had arisen. These preliminary studies soon began to yield a variety of intriguing morphological abnormalities that caused me to be sidetracked. To my surprise, no systematic investigation had been done before on the effects of radiation delivered at any of a range of embryonic stages, so this became the subject of my Ph.D. dissertation. In typical dissertation mode, I spent many a night working at the lab, and often, Bill would keep me company in that vast empty building. When sleep overtook him, he'd stretch out on the only available bed -in the ladies' room (Tennessee law). My course work at the University of Chicago had been finished before I came to Oak Ridge, and I went back to Chicago to defend my thesis and take my finals in August of 1949. (Later, after our children were born, there were no more overnight stays for us at the lab.)
For the dissertation research, pregnant females were exposed to various doses of X rays at stages ranging from half a day after conception to day 13.5, when their embryos had completed the major steps in morphogenesis. Subsequent examinations at birth included various measurements, all external features, and detailed studies of the entire skeleton. Irradiation during the preimplantation period was found to cause a high incidence of prenatal death, but yielded no abnormalities in those embryos that survived to birth. By contrast, embryos irradiated during the period of major organogenesis did survive to birth (though many died neonatally) and were afflicted with a multitude of morphological malformations that were characteristic of the stage irradiated. The duration, but not the peak stage, of these ''critical periods'' was somewhat dose-dependent [2] .
This basic framework was subsequently expanded in a number of ways, e.g., by studies with various dose distributions (protracted and fractionated) [3] and types of radiations (including neutrons from a bomb test, Section 2), and with hypoxia [2] . Detailed studies of irradiation during the preimplantation period, which added scoring for chromosome damage to the other endpoints, revealed the exquisite sensitivity of the pronuclear stage of the zygote [4] . This high sensitivity was subsequently also demonstrated for the induction of sex-chromosome loss (Sections 5.2.2 and 5.3). Important spin-offs of the teratogenesis research were the application of the findings to questions of human hazards (Section 4.2), and the development of the homeotic-shift method (Section 4.3).
At the height of the teratogenesis effort, I organized one of the Biology Division's annual research conferences (which attracted investigators from around the country and around the world) on the subject of deleterious effects on embryonic development. Gradually, though, the Mouse House research in teratogenesis faded away as the 1950s wore on and I became more heavily involved in mutagenesis and basic genetics. More than two decades later, when there was growing interest in exploring hazards from chemicals, the homeotic-shift method was briefly resurrected as a sensitive teratological prescreen. To develop other possible methods, we recruited Ron Filler in 1978, who used teratocarcinoma-derived cells to study restriction of differentiational ability by various putative teratogens. Funding for that program, however, ceased after less than 4 years.
Radiation hazards to the human embryo: A recommendation
When examining pregnancy timetables for corresponding stages in mouse and human prenatal development, it became apparent that critical periods for the majority of gross malformations in mice occur during a time span that, in humans, corresponds to the second-to-sixth week of gestation. During at least the early part of that period, pregnancy may still be unsuspected. We had shown doses as low as 25 R 1 to be effective in bringing about specific changes when applied at the critical time, and it appeared quite possible that even lower doses, i.e., well within the range used at that time in diagnostic fluoroscopy, might cause developmental alterations. We therefore recommended that, whenever possible, irradiation involving the uterus in women of childbearing age should be 1 For ease of comparison with the publications of the time, the originally reported dosimetry in Rö ntgens will be used throughout. 1 Rö ntgen (R) = 0.87 cGy. Similarly, the original designation of the marker alleles will be used throughout (a = agouti, b = brown, c = albino, p = pink-eyed dilution, d = dilute, se = short-ear, s = piebald spotting). For later designations and other information, see Table 1 in [25] .
restricted to the two weeks following the last menstrual period to preclude the possibility of fertilization having taken place. This applied particularly to diagnostic irradiation, even when the doses involved were less than 25 R. These recommendations, published in 1952 [5] , brought the wrath of radiologists down upon our heads, and unleashed a series of letters to the editor. Before long, however, the so-called 14-day (sometimes 10-day) rule became internationally accepted in radiological practice.
Homeotic shifts can demonstrate even small insults: Development of a pre-test
As early as 1950, I began exploring the possibility that variability that exists within inbred strains, i.e., within genetically uniform populations, can provide a sensitive system for detecting environmental insults in development [2] . The axial formula (number of vertebrae in each of the succession of vertebral typescervical, thoracic, etc.), which I had earlier demonstrated to be altered by irradiation during critical periods, is naturally variable within each of a number of inbred strains, though constant in others. Natural variability in inbreds had been mathematically analyzed years earlier by my Ph.D. mentor, Sewall Wright. The genotype fixes location of the mean on a scale of developmental potencies. Variability around the mean is caused by a multiplicity of normally occurring small environmental factors in development. When the final character (as opposed to the ''raw material''), instead of being continuously distributed (e.g., weight) must vary by discrete steps (e.g., 13 vs. 14 ribs), canalization occurs through the superimposition of thresholds [6] . The idea was to choose a strain that showed natural variability in a character, and whose continuously distributed potencies with regard to the thresholds were thus presumably in a range where even small induced shifts could be readily detected. An equal amount of shift would not be detectable in a strain that was invariable for the chosen characters, and whose distribution of potencies was thus presumably far from the threshold.
The strain chosen for the induction of homeotic shifts exhibited natural variability with regard to four easily scored features of the axial skeleton [7] , and when the optimum stage was irradiated, a dose as low as 25 R produced significant shifts for three of the four. Subsequently, similar results could be demonstrated for a chemical, benzo [a] pyrene, even at the lower of two doses tested. The ''homeotic shift test'', which requires only small numbers of mice and very simple scoring techniques, is one of several examples of method development at Oak Ridge (see Section 5.5).
Mutagenesis: The biggest workhorse
The very comprehensive program in in vivo mammalian germcell mutagenesis may be viewed as a three-dimensional matrix. Ideally, for (a) each genetic endpoint, it should provide information for (b) each mutagen, applied to (c) any of a number of cellular targets.
(a) The genetic endpoints became more refined over the years as more basic knowledge became available. To begin with, there were merely two broad classifications: gene mutations (presumed to be scored in the specific-locus test, Section 5.1) and gross chromosomal changes (Section 5.2), the latter being structural (presumed to be caused by breakage or copy choice) or numerical (due to breakage loss or nondisjunction).
As some of the basic work of the program progressed (Sections 5.1.4 and 8.5), many of the presumed gene mutations were shown to be deletions of various sizes; and the gross chromosomal end points were refined in various ways or made more specific.
(b) The mutagens studied included external radiations (X and gamma rays, neutrons of various types), internal emitters (tritium, plutonium), and a long list of chemicals. Exposures were either acute, protracted (over a range of dose rates), or fractionated by a number of regimens. (c) The cellular targets were predominantly male or female germ cells in various stages of development, but occasionally they included zygotes (actually, a germ-cell extension). For a mutagenesis pre-test (the spot test, Section 5.5), the targets were embryonic pigment-cell precursors.
Specific-locus test (SLT)
The big workhorse over all the years of the program was the specific-locus test (SLT). The earliest results from X-ray exposures of spermatogonia were published in 1951 [8] , and radiation experiments on a bigger scale began as soon as Bldg. 9210 became available and the multiple-recessive tester stock (T stock) had been expanded.
SLT with radiations
The earliest SLTs were all conducted with X-rays. When gamma-ray sources were constructed on-site (Section 1, above), and neutron sources became available elsewhere in Oak Ridge or farther away (the ORNL research reactor, a cyclotron, and even a bomb test in Nevada), the SLT was the method chosen to explore effects of dose rate and radiation quality -work that stretched over three decades. In the mid 1960s, the SLT began to be used in chemical mutagenesis (Section 5.1.2) and that work, too, stretched over more than three decades.
Although mutations detected in a SLT are easy to score (as noted above, 2000 loci can be scored by external examination in an hour), they are rare, and large numbers of offspring must therefore be examined to yield statistically significant differences. In experiments on male germ cells, the production of offspring was maximized by a ''7-shelf procedure.'' Each mutagen-exposed (or control) male was caged with two females in one side of a duplex cage on the top shelf. After a week, the male was moved to the next shelf below, where he was caged with two fresh females, while the original females on the top shelf were separated to the two sides of their duplex, where each would bear a litter about three weeks later. This procedure was repeated, until the male had reached the bottom (7th) shelf, after which he was returned to the top shelf, where the litters had, by that time, been weaned (and discarded, except for possible mutants) and the females were ready to conceive again. In other words, each male was mated sequentially to 14 females throughout his reproductive lifespan, with optimum timing between conceptions. In addition to maximizing production of offspring, this scheme had the very important function of providing information on what exposed germ-cell stages were being sampled. Based on the research of Gene Oakberg (Section 6), Week 1 sampled exposed spermatozoa, Week 2 late spermatids, Week 3 mid and early spermatids, etc. Subsequent to Week 7, all offspring were derived from exposed spermatogonial stem cells. The results provided information not only on mutations (quantity and quality), but also on germ-cell survival.
Presumed mutants were genetically tested for allelism with the marker gene suggested by the phenotype (and, if the phenotype was ambiguous, with other genes, or for dominance). Subsequently, the mutant allele was made homozygous by a series of crosses that varied in complexity according to whether the new allele produced a phenotype similar to, or different from, that of the marker allele, or whether it was linked to another marker. If any fertility or viability problems were encountered in these crosses, cytogenetic analyses were often performed with Giemsa-banded mitotic chromosomes (Section 8.3).
To feed the needs of SLTs, four stocks (C3H, 101, H, and T) had to be bred in large numbers. Mutagen-exposed mice were vigorous and genetically uniform F 1 hybrids (H) produced by crossing the non-related inbred C3H and 101 strains, both of which were homozygous for the wild-type allele at each of the 7 marker loci. Large numbers of the multiple-recessive tester (T) stock had to be available at all times. To keep the T stock vigorous, despite its multiple-recessive status, inbreeding was deliberately avoided. (As mouse-mutagenesis projects utilizing the SLT were started in other countries -U.K in the 1950s, Germany in the late 1960s -nuclei of all basic stocks were sent there to make results comparable.) The genetic testing of presumed mutants required an array of different stocks. Finally, many of the mutant alleles were propagated in breeding stocks, which subsequently became valuable in varied areas of research (Section 8).
One of the earliest findings of the SLT was that the mutation rate per locus in spermatogonia was roughly an order of magnitude higher in the mouse than in Drosophila [8, 9] . (Forward mutationrate data for autosomal loci in Drosophila had not been available and were generated by Dr. Mary Alexander [10] at Bill's request.) The dose-response curve for mouse spermatogonia that was completed a little later showed a steep drop-off between 600 R and 1000 R of acute irradiation, and this was attributed to cell selection [11] . By the late 1950s it was possible to demonstrate that there was a dose-rate effect for spermatogonia and for oocytes (i.e., mutation yields were lower for protracted than for acute exposures), but probably not for postspermatogonial stages [12] . The effect was hypothesized to be the result of a repair system that exists in spermatogonia, but not in more mature male reproductive cells 2 . Studies on the dose-rate effect were substantially expanded over the course of two decades [14, 15] . Eventually, a collection of 19 large-scale experiments led to the conclusion that low-LET radiation delivered to mouse spermatogonia at dose rates of 0.8 R/ min and below induced only about one-third as many specificlocus mutations as did single, acute exposures at 24 R/min and above. For dose rates below 0.8 R/min, however, increasing protraction of dose over a 1000-fold range did not lead to further reductions in mutation frequency, i.e., there appeared to be no threshold dose rate below which mutations are non-inducible [16] . Another interesting set of findings of the SLT involved dose fractionation [11, 14] . When intervals between the fractions were long enough to permit the spermatogonial population to recover, mutation frequencies were additive, confirming the conclusion that the major drop-off at 1000 R (single dose) was the result of cell selection due to a positive correlation between spermatogonial death and mutation load [14, 17] . When, however, the interval was 24 h, mutation frequencies were much greater than additive [18] , and the distribution of mutation types was different [19] . We suggested that this mutation augmentation was the result of the first dose producing cell synchronization such that the second dose was received by a more sensitive population.
In contrast to the situation in males, where germ-cell renewal proceeds throughout life, germ cells in females are non-dividing in adults and even in fetuses (after day 12 postconception). By the time of birth, most mouse oocytes are in late pachytene or early diplotene stage of meiosis-I and then enter a diffuse diplotene state, named dictyate. Surrounded by a single layer of follicle cells, most remain thus arrested. (The nuclear morphology of the arrested diplotene differs in different species, and this has caused some investigators to question the applicability of mouse results to human females.) At intervals, small numbers of these arrested oocytes mature, within greatly enlarging follicles, and are ovulated -a process that takes 6 weeks (as studied by Gene Oakberg, Section 6). SLT experiments indicated that radiations were more mutagenic in these maturing and mature oocytes (sampled in the first two litters following radiation) than they were in spermatogonia, and produced a considerably higher proportion of large (multilocus) lesions [20] (this paper is a summary of all SLT experiments with females, with references to more detailed publications). The effect of dose rate variation was also more pronounced in these oocytes, where dose protraction very drastically reduced mutation yield. From the arrested (dictyate) oocytes, on the other hand, no radiation-induced mutations were recovered. These cells are extremely sensitive to cell killing, whereas mature oocytes, as in all mammalian species investigated, are highly resistant [22] . Within the population of maturing and mature oocytes, sampled in the first two litters following radiation, there may also be subtle effects of developmental stage, as indicated by the fact that the mutation yield is higher in the second litters of old females, and lower in their first litters, than is the yield from both litters of young virgin females.
Starting in the early 1950s, SLTs were used to explore radiations additional to X and gamma rays. The first such work was with neutrons. In addition to a few males being exposed at the Nevada bomb test, larger numbers of mice of both sexes were exposed at the Health Physics Research Reactor at X-10. Among the findings was estimation of the RBE (relative biological effectiveness) and demonstration of the absence of a dose-rate effect [21] . Because neutrons are far less deleterious than are X rays to the survival of arrested oocytes, it was possible to generate large numbers of offspring, which clearly showed these cells to be impervious to mutation induction [20, 22] . Many of the specific-locus mutations induced by neutrons in other cell types were deletions that turned out to be very useful for some of the basic studies (Section 8.5).
Work on internal radiation emitters began in the early 1970s with studies on tritiated water, which was thought to present a potential human hazard because of its possible release from thermonuclear reactors [23] . Tritium, which emits a low-energy beta particle, is incorporated in testicular DNA and protein, the radioactivity of which was measured at various intervals after injection by Drs. Bob Cumming and Gary Sega. Mice had to be housed in an isolator system for a couple of weeks after treatment. Safety precautions were even more stringent in experiments conducted in the late 1970s with injected 239 plutonium citrate, whose radioactivity derives principally from alpha decay. The compound was brought to the Mouse House by technicians from Argonne National Laboratory, who also administered the injections. Although large numbers of offspring were subsequently analyzed for specific-locus mutations, as well as for heritable translocations [24] , most of the SLT results were unfortunately never published because of the uncertain dosimetry.
SLT with chemicals
Although chemical mutagenesis studies at Oak Ridge were initiated in the early 1960s by Udo Ehling, a visiting investigator from Germany, these were for some time limited to tests for dominant lethals. Bill began specific-locus tests with chemicals a few years later, and the number of compounds investigated by Lee and collaborators expanded greatly under a large NIEHS contract that began in the mid 1980s and continued through most of the 1990s. Almost two dozen compounds (plus a few mixtures under EPA funding) were studied comparatively across arrays of male germ-cell stages [25] , though only a few in females [26] . Each of the mutagenic compounds was found to have a characteristic germcell-stage sensitivity pattern. Although most (unlike radiation) yielded their maximum numbers of mutations following exposure of spermatozoa and late spermatids, several mutagens were 2 A recent retrospective analysis of the data in the light of knowledge that has since become available from genetic and molecular studies about the nature of mutations indicates that the dose-rate effect is restricted to those specific-locus mutations that are due to lesions larger than those produced by single hits [13] .
identified that peak in each of the other major stages of spermatogenesis and spermiogenesis, including those in which effects on recombination can also be induced [27] .
While many chemicals gave negative results in spermatogonia [28] , a few turned out to be star performers in one respect or another, the most notable being ENU (ethylnitrosourea, short for N-ethyl-N-nitrosourea) whose super-mutagenicity was discovered by Bill Russell in the late 1970s [29] , after he had been made to retire at age 65 and was working as a consultant. Using optimum exposure regimens [30] , ENU could be made to yield 1.25 Â 10 À3 mutations per locus, a frequency 36Â greater than that found with the previously most effective chemical mutagen, procarbazine. Moreover, these were mutations induced in stem-cell spermatogonia (the yield from differentiating spermatogonia, postspermatogonial stages, and oocytes is quite low) and thus recoverable throughout a male's reproductive lifespan, and they were almost exclusively intragenic. This remarkable efficiency was soon utilized by investigators around the world as a method for producing gene mutations for diverse experimental purposes. At Oak Ridge, the ease with which mutations could be produced made it possible for Bill and coworkers (S. Hitotsumachi and D. Carpenter) to explore a number of experimental variables that are difficult to study with less powerful mutagens. An extensive dose curve [31] and data obtained with various fractionation regimens [32] provided evidence for the existence of a repair system -a significant conclusion in view of the fact that these appeared to be true point mutations. Studies on oocytes and on spermatogonial populations at different stages supported the view that ENU is most effective during DNA replication. Another chemical of special note was etoposide (a topoisomerase-II inhibitor) which, with Terry Ashley, I had found to decrease and shift meiotic recombination and to cause chromosome malsegregation [27, 33] .
The extensive SLT studies with chemicals provided practical information on how specific types of mutation, for use in molecular and other studies, might be ''manufactured to order.'' To generate deletions in large quantities, one would expose early spermatids to the super-mutagen chlorambucil [34] . To generate point mutations, spermatogonial stem cells would be exposed to ENU [30] . Certain ENU mutations recovered at Oak Ridge were used to characterize large allelic series, e.g., at the Kitl Steel locus, investigated in extensive molecular studies by Dr. Mary Bedell and her group at the Uiversity of Georgia [35] . ENU mutagenesis has been employed widely across the world to produce mutations that serve as genetic reagents for a variety of purposes. At Oak Ridge, it was used by Gene Rinchik to saturate geneticallycharacterized deletions with point mutations that have biologically significant functions (Section 8.5). In 1995, Dr. Monica Justice joined the ORNL Mammalian Genetics program with the objective of conducting genome-wide ENU-mutagenesis screens with coatcolor tagged engineered deletions, work she subsequently continued elsewhere.
Spontaneous mutations at the marked loci: Conclusions from mosaics and clusters
Among the large number of mutants produced by the numerous specific-locus experiments of the 1950s and 1960s, several were found to be mosaic (e.g., mottled with a mutant coat color), rather than whole-body. In a 1964 study [36] , I made two interesting findings: (a) on average, $50% of the soma and germline was mutant, and (b) the frequency of mosaics was roughly the same among offspring of irradiated and control mice, i.e., all were presumable of spontaneous origin. Mosaicism in the previous generation could also be detected through the occasional occurrence of a sizeable mutation cluster (i.e., several mice within a progeny that were mutant at the same locus, where only single occurrences are expected since mutations are rare) [37] . The discovery of clusters was facilitated by the fact that the mating scheme (Section 5.1.1) allowed each individual irradiated or control male to have a very large progeny. Small clusters in the case of treatments that produced severe cell killing could be explained by the mutation having occurred in a rare surviving spermatogonium that subsequently multiplied as the testis was repopulated (''treatment clusters''). Such an explanation could not, however, be advanced for the progenies of treatments that cause relatively little or no cell killing, and clearly not for control progenies.
In the 1990s, I combined these various lines of evidence by proposing that the visible mosaics and the clusters (originating from ''masked mosaics'') were the results of spontaneous mutations occurring in what I named the ''perigametic interval'' [37, 38] in a parent of the scored generation (visible mosaics), or of the previous generation (masked mosaics). The perigametic interval starts with the unique premeiotic DNA synthesis of a parental genome, which occurs in the preleptotene stage of meiosis, and ends prior to pronuclear DNA synthesis, which occurs in the zygote, preceding the first cleavage of the conceptus. A DNA single-strand event may arise at any one of various intermediate stages and the mutation becomes double-stranded during pronuclear DNA synthesis of the zygote and is passed to one cell of the two-cell embryo that results from the first cleavage. Supporting this hypothesis was the fact that species as different as Drosophila, human, and mouse have similar spontaneous mutation rates when compared on a per-generation basis (though very different when compared on a per-time or per-cell-cycle basis), indicating that a major, unique component of the life cycle (meiosis) makes a major contribution.
The mosaics, visible and masked, provided great insights into spontaneous mutations [37] . In contrast to induced mutations, for which the germ-cell stage of origin is known, spontaneous mutations can arise at any time. By virtue of the mosaics, the SLT was capable of identifying at least one major stage, the perigametic interval, and thus of distinguishing between two distinct groups of spontaneous mutations -perigametic and mitotic. When we examined spontaneous mutations that had been reported over a span of decades from SLTs at Oak Ridge and two other laboratories, we found the per-generation frequency of mosaic mutants to be greater than that of whole-body singletons. Because singletons can arise during any of a large number of mitotic cycles, the excess of perigametic mutations is even greater when frequency per cell cycle is considered.
The distribution of spontaneous mutations among the 7 marked loci (the ''mutational spectrum'') was dramatically different for mitotic and perigametic mutations [38] . Most of the difference between these two groups of spontaneous mutations was due to the a locus, which was not mutated in any of 60 whole-body singleton (mitotic) mutants, but was involved in over one-third of the (perigametic) mutations that resulted in masked mosaics. Both of these spontaneous distributions are different from the major types of treatment-induced spectra (see Section 5.1.4, below). Overall, the spontaneous rate of specific-locus mutations is higher for males than for females [20, 37] .
The nature of specific-locus mutations
The SLT allows mutations, including those that are homozygous lethal (later shown to include deletions of various length, including >6 cM), to be fixed in breeding stocks and thus be potentially accessible indefinitely for analyses that can become increasingly more powerful as techniques evolve. The early decision to propagate many of the SLT-generated mutations soon facilitated extensive genetic tests (and, much later, molecular analyses) that generated highly valuable biological tools for correlated structure/ function analyses of selected genomic regions and for other basic studies that will be described in later sections (Sections 8.5 and 8.6). In turn, identification of the nature of the mutations helped in defining the actions of mutagens, thus feeding back into the area of mutagenesis. In simplest terms, it became possible to decide on the basis of certain phenotypic properties of an allele whether the genetic lesion was a large one (LL), an intragenic change (IG), or a small lesion, though not necessarily an intragenic one (OL) [39] . (For example: at the s locus, prenatal or neonatal lethals are LL, while juvenile lethals and viables are OL; at the p locus, all lethals, regardless of developmental stage, are LL; hypomorphs at all loci are IG [13] ). Once these classifications had been established, they could be applied retrospectively to mutants that had not themselves been genetically analyzed.
It soon became apparent that the germ-cell stage that was exposed to mutagen was even more important than the nature of the mutagen in determining the type of mutations induced. In the male, the distinction was mainly between post-and pre-meiotic stages [40] . Spermatozoa and spermatids (postmeiotic) yielded a considerably higher proportion of LLs than did spermatogonia (both stem-cell and differentiating), for which the LL frequency was low with X or gamma rays and even lower with chemicals [25] . For females, where virtually all data are for dictyate oocytes, the LL proportion was even higher than that for sperm and spermatids [41] . For comparable stages, neutrons, as expected, induced a higher proportion of LLs than did low-LET radiations [41] .
Identification of the nature of mutations also allowed an intriguing conclusion about the mutation-rate augmentation that had been observed to result from 24-h fragmentation of X-ray dose (Section 5.1.1). The 'additional' mutations (causing rates to be higher than additive) turned out to be primarily LLs, suggesting that the nuclear state of spermatogonia sensitized by the priming dose was different from that in undisturbed spermatogoniaperhaps more like that in postspermatogonial stages [19] . Classification of the nature of mutations, finally, provided an interesting perspective on mutational ''spectra,'' i.e., distributions of mutations among the seven specific loci. Mutagenic treatments that induce relatively many LLs are characterized by a preponderance of s-locus mutations, while treatments that induce low proportions of LLs are characterized by a preponderance of p-locus mutations [25] .
Chromosomal endpoints
Dominant lethals, translocations, inversions
During the first decade or more of the radiation-mutagenesis work in the Mouse House, studies of gross chromosomal aberrations were relatively rare. Dominant lethals were used for comparing the genetic effects of neutrons from a nuclear detonation (Section 2) with those from a cyclotron [42] . The search for translocations was limited to one small experiment (by myself and Louis Wickham), which indicated that these rearrangements were not transmitted by X-irradiated females. Translocation studies with irradiated males were mostly carried out at Harwell. The feasibility of detecting induced inversions by crossover suppression, was explored by me but abandoned as too laborious. While structural-chromosome-aberration endpoints were only rarely used in Oak Ridge during that period, numerical sexchromosome anomalies (Section 5.2.2) were frequently employed in radiation experiments on females (they were not found following irradiation of spermatogonia), using genetic detection methods developed by us.
With the initiation of chemical mutagenesis studies, chromosomal endpoints came to play a major role and were studied for more chemicals than were specific-locus mutations. Most of this extensive work was carried out by Waldy Generoso, a Philippine native, who had joined the program in 1969, and by a succession of visiting investigators or postdocs in his laboratory, including Kurt Suter, M. Krishna, B. Matter, M. Katoh, PD Sudman, Joe Rutledge, and C-J Sheu). Generoso utilized most of the common chromosomal endpoints, but devoted special attention to perfecting a sequential procedure for the study of heritable translocations (HT), which are detected by breeding the sons of mutagenized mice [43, 44] ). HTs are usually identified at frequencies lower than those for cytologically scored translocations [45] . The induction of chromosome losses (dominant lethals) and rearrangements in various germ-cell stages was studied for a large number of chemicals [44] , starting with an array of alkylating agents and heavy-metal compounds, and extending to dozens of other agents as the years went by. There appeared to be no single best test for chromosome aberrations, the response varying with chemical and germ-cell stage. (As had been the case with radiation, no heritable translocations were found after chemical exposures of females). HT yield was determined not only for chemicals, but for X-and gamma-ray exposures of spermatogonia, for which dose-effect curves were constructed [45] , and a dose-rate effect was demonstrated. An additional endpoint, late fetal death and/or morphological malformations that might indicate trisomies (Section 5.2.2), was used in post-sperm-entry and zygote studies that indicated sensitivity during early pronuclear stage [46] .
An intriguing finding of Generoso's was the apparent capacity of the fertilized egg to repair genetic lesions in the entering sperm. Following chemical exposure of spermatozoa or spermatids of a given strain, the yield of dominant lethals [47] as well as of heritable translocations [48] varied with the strain of untreated females to which the treated males had been mated. This phenomenon was found for several chemicals but the effect was greatest after exposure to IMS (isopropyl methanesulfonate).
Numerical sex-chromosome anomalies
The development of methods for the detection of numerical sex-chromosome anomalies was preceded by our discovery of the nature of sex determination in the mouse, a story that is related below (Section 8.1.1). The numerical sex-chromosome anomalies (NSAs) came to figure significantly in Oak Ridge mutagenesis research [49] , starting almost immediately after their discovery. Their utility stems from the fact that chromosome loss, which is invariably lethal when it affects any autosome, results in a viable condition when the sex chromosomes are involved. Similarly, extra X or Y chromosomes are considerably less harmful than are extra autosomes. I developed convenient genetic marker systems by the use of which sex-chromosome loss and nondisjunction could be easily detected by external phenotype, and which could then be further employed in the genetic testing of probands [50] . Phenotypic diagnosis was routinely confirmed by cytogenetic analysis performed by Nestor Cacheiro. For the detection of breakage-derived chromosome losses, the NSA method was particularly useful for studies on females, where the dominantlethal test can yield ambiguous results.
By far the highest yields of sex-chomosome losses were obtained by irradiating zygotes, from the time of sperm entry (oocytes in second meiotic division) through early pronuclear stage. There followed a sharp drop in sensitivity between early and later pronuclear stages. Irradiation of even the most responsive gonadal germ cells (early spermatids and pre-metaphase oocytes in mature follicles) yielded sex-chromosome losses at frequencies more than an order below those found for the early pronuclear stage [49] . While the NSA endpoint was extensively used in our Oak Ridge radiation studies, its use in chemical mutagenesis was limited. An analysis of spontaneous frequencies of various NSAs revealed that loss of a paternal sex chromosome (X P or Y) occurred at the rate of one in about 400, over five times more frequently than loss of the maternal X M , and pointed to the early postfertilization period (zygote or early cleavage) as the most likely time of origin [50] (resembling the radiation pattern). The ratio is similar in humans, but total frequencies could not be compared since, unlike mouse X0s, 99% of human X0s die as embryos. [46] ) used a simple in utero screen of offspring that might reveal autosomal trisomy, namely, an increased incidence of malformations and death after midterm of gestation, when most mouse trisomics are known to die (in contrast to monosomics, which die early in gestation [51] ). Parallel cytogenetic studies confirmed the positive results found in the survival screen.
Zygotes turn out to have great significance
Among organisms studied for mutagenesis at that time, the mouse presented an almost unique opportunity for investigating the interval between sperm entry into the egg and the first cleavage (a period that I later named the perigametic interval, Section 5.1.3 [38] ). During this interval, which lasts only minutes in Drosophila but occupies almost 24 h in the mouse, the chromosomes contributed by the condensed sperm head are contained in the male pronucleus, and those emerging from the first meiotic division of the ovulated oocyte occupy the female pronucleus. The zygote, while representing the start of a new individual, may thus also be looked upon as the ultimate germ-cell stage of the parents, since the two parental genomes lie separate within it and could be independently impacted.
The most remarkable finding was the significance of the perigametic interval to the origin of spontaneous mutations, discussed above (Section 5.1.3). For induced mutations, too, these stages were found to be of great importance. With equivalent doses of ENU, the mutation frequency per locus was about an order of magnitude higher after exposure of zygotes (at the optimum stage) [52, 53] than of spermatogonial stem cells, which, in previous studies had been the germ-cell stage most dramatically responsive to this chemical, leading to its reputation as a ''super-mutagen.'' The peak sensitivity occurred soon after sperm entry, when the oocyte was completing its second meiotic division, and most of the resulting mutants were mosaics (with an average 50:50 mosaicism), indicating that the mutation had occurred in one DNA strand of the maternal chromosome. Mutation rate in the paternal genome was lower at that stage.
For effects involving whole chromosomes, too, zygotes are especially vulnerable. This is discussed above (Section 5.2.2) for the radiation-induction, as well as spontaneous occurrence, of sex-chromosome loss. From an experiment in which sexchromosome loss was detected genetically (confirmed cytologically and by breeding tests), and autosomal losses were estimated by means of peri-implantation death and the finding of extra-nuclear chromatin in cleavage [54] , we concluded that autosomes and sex chromosomes have roughly similar average sensitivities to radiation-induced losses, and that all chromosomes are highly sensitive to irradiation during the early pronuclear stage.
First-generation effects of undetermined genetic origin
Specific-locus mutations, though recessive, were detectable in the first-generation offspring (F 1 ) of mutagen-treated mice because the cross was made to a special tester stock. Undetermined mutational events with dominant phenotypes were potentially detectable in the same population. In the mid-1950s, Bill Russell found a shortened lifespan in the offspring of male mice that had been exposed to moderate doses of neutron irradiation from a nuclear detonation (the Nevada bomb test that he had attended [55] ). On the assumption of proportionality, an equivalent life shortening in humans was estimated to be 20 days per rem received by the father. For the exposed mice, the effect in the offspring was approximately as large as the shortening of life in the irradiated individuals themselves. Nothing specific was known about the type of mutations that produced this dominant effect. Because the exposure occurred during early spermatid stages, and because the radiation was neutrons, the lesions may have included chromosome rearrangements or moderate-to-large deletions. Published almost 40 years later, results of an experiment on offspring of X-ray exposed stem-cell spermatogonia were entirely negative [56] . This time, not only did Bill's group measure F 1 lifespan, but G.E. Cosgrove, of the Division's Cancer & Toxicology Section, performed careful analyses of the frequency, severity and age distribution of neoplasms and other diseases. X-ray exposure of spermatogonia would have yielded relatively small genetic lesions (Section 5.1.4). A very extensive analysis of F 1 survival to weaning age, following X or gamma-ray irradiation of spermatogonial stem cells (a byproduct of numerous SLT experiments), paralleled SLT results in showing both a humped dose-effect curve and a dose-rate effect [57] , but the littersize reductions were small and detectable only because of the great magnitude of the sample (almost 160,000 F 1 litters).
Studies with another class of F 1 effects, skeletal anomalies and variations, were initiated at Oak Ridge in the early 1960s by Udo Ehling, who was at that time a visiting investigator from Germany. He continued them on a larger scale (several doses, different irradiated germ-cell stages) when he returned 3 years later as a member of the Oak Ridge staff [58] . When Ehling eventually moved back to Germany and set up a large mammalian mutagenesis program at Neuherberg, he maintained an interest in skeletal work, and Paul Selby, who had earned his Ph.D. at Oak Ridge, joined him there on a postdoctoral appointment in the mid-1970s and was able to demonstrate transmission of some of the presumed dominants to subsequent generations [59] . After becoming a member of the Oak Ridge staff on his return from Germany, Selby investigated the nature of some of the dominants and found three of them to be reciprocal translocations [60] and seven to be recessive lethals of unknown genetic constitution. Because the breeding-test method for scoring skeletal dominants was slow and labor-intensive, Selby devised several faster non-breeding-test methods (such as his Sensitive Indicator Method) that were based on information gained earlier about normal variability versus mutation-caused variability, and that were capable of detecting mutations with low penetrance. Subsequently, he developed the ADD (Assessment of Dominant Damage) approach that utilized observation for a number of F 1 features: skeletal malformations, cataracts, stunted growth, dominant visibles, and survival to 11 weeks of age [61] . When serving on risk-assessment committees, he became a proponent for using such results to calculate what was called the direct estimate of genetic risk (as opposed to the doubling dose).
The spot test: An example of method development (and the opportunity for a trip to East Germany)
Almost as soon as the mouse genetics program got under way, before it had even moved into the Y-12 Mouse House, I had set out to explore the possibility of scoring somatic mutations at some of the same loci that were to be used as markers in the germ-cell specific-locus test (SLT). Preliminary explorations to find the optimal embryonic stage for such somatic mutation experiments caused me to temporarily change directions and spend a few years studying radiation teratogenesis (Section 4). By the mid-1950s, however, I returned to the problem of developing a method for measuring somatic mutation rates at specific coat-color loci for which irradiated embryos were heterozygous [62] .
In the cross used, irradiation on day 10.5 postconception turned out to yield mutant sectors (i.e., spots of different color on a black background) that were large enough to be readily detectable, yet small enough to sample a significant number of at-risk precursor cells from which the single mutated one had arisen. The modal number of prospective pigment cells at that stage was calculated to be 150-200. That meant that each mouse that was observed represented a large number of cells in which a mutation could have occurred, instead of a single cell as in the germinal mutation study. The results indicated that the rate of mutation induction at 4 specific loci was of the same order of magnitude in pigment precursor cells as that (for the same loci) in spermatogonia.
Two decades later, when the scientific community had begun to face the problem of assessing the mutagenic hazards of an infinite number of chemicals, I resurrected somatic mutations to serve in the ''spot test.'' The gold-standard SLT, which was relatively expensive, had to be reserved for only the most important chemical candidates, and the predictive value of many non-mammalian tests for identifying such candidates was questionable [28] . The spot test not only had the virtue of studying the chemical in a mammalian in vivo situation; it was relatively fast and inexpensive. Each observed mouse, which needed to be kept for only 2-3 weeks, scored 150-200 cells at risk. The array of genetic events that could be detected was even greater than in the SLT; in addition to recessive mutations to various alleles at the marked locus, deletions of considerable size, and possibly even whole-chromosome losses would be tolerated, and mitotic recombination could, theoretically, also express the recessive. ''Unit'' mutation rates (experimental minus control rates per mole) were calculated for 15 chemicals that had been tested both in the SLT and in the spot test. The spot test gave no false negatives for heritable mutations induced in spermatogonial stem cells or post-stem-cell stages, and in 26 of 27 comparisons, the unit rate was greater in the spot test than in the SLT [63] .
In addition to its value in predicting germ-cell mutations, the spot test also provided bonus value in that it could detect teratogenic and cytotoxic effects of the test chemical, though these were not clearly correlated with mutagenic effects. The teratogenicity information derived from the circumstance that numerous critical periods in development (e.g., for polydactyly) occur on day 10.5 postconception, when the mutagenicity tests are conducted. Cytotoxicity could be semi-quantitatively evaluated from an increase in the incidence of the white midventral spots (insufficiency of pigment cells) that occur at low frequencies in certain genetic backgrounds.
The spot test soon grew popular in European and Japanese laboratories and became the subject of one of EPA's GeneTox panels [64] . Protocols were published, including one that was the outcome of an international workshop on the subject, held at an institute of the GDR (German Democratic Republic) Academy of Sciences at Gatersleben, East Germany, in April 1981. It was a rather difficult place to reach, and I was driven there by my friend, Dr. Ilse-Dore Adler, a member of Udo Ehling's mouse-genetics program at Neuherberg (West Germany). The contrast between the two Germanys was a stark one, and crossing the border, with its wide strip of no-man's land between the two countries, was an unforgettable experience. On entry, identification documents were sent across this strip via pneumatic ducts; and on exit, the car was searched for possible hidden persons by mirrors wheeled below the under-carriage, and by spikes rammed down various gaps under the hood. The roads were in terrible condition, and the store shelves nearly bare. Ilse-Dore had brought food (especially coffee, sugar, and party items unobtainable in the GDR) for Dr. Jö rg Schö neich, who was hosting the workshop, and this was subjected to much inspection at the border. When I returned to Oak Ridge, a CIA man came to debrief me, but there was little about the science to interest him.
The spot test was but one example of method development through Mouse House research. Among several others were the homeotic-shift test for teratogenic damage (Section 4.3) , the use of UDS (Unscheduled DNA Synthesis) as indicator of DNA damage (Section 7), and the scoring for NSAs (Numerical Sex-chromosome Anomalies, Section 5.2.2) as indicators of gross chromosomal effects. Of considerable practical importance was the development of optimum mutagenesis regimens for generating large numbers of gene mutations (ENU to spermatogonial stem cells) or deletions (chlorambucil to early spermatids) (Section 5.1.2).
Germ-cell development and properties: The infrastructure for interpreting mutagenesis
The infrastructure for the interpretation of mutagenesis results was provided by studies on male and female germ-cell development and properties conducted by E.F. (Gene) Oakberg (Ref. [65] is a summary of much of this work with numerous references to specific areas). For the testis, Gene generated seminal information on the complex kinetics of germ-cell renewal. By noting the varying associations of the several cell types in sections of the seminiferous epithelium (marked by successive stages in acrosomal development of sperm heads), he was able to identify 12 stages in the cycle, and by determining the relative frequency of each of these, he arrived at the duration (in numbers of hours or days) for each spermatogenic and spermiogenic cell stage in the progression from stem-cell spermatogonia to mature spermatozoa. Adding to this the number of days between the formation of mature spermatozoa and their ejaculation, he derived a timetable for identifying the mutagen-exposed cell stage that was sampled by the offspring conceived at various treatment-to-mating intervals, a timetable ( Table 2 in Ref. [65] ) that was not affected by exposure to radiations and chemicals.
Valerio Monesi, a visiting investigator from Italy in the early 1960s, found that different stages in the spermatogonial progression differed greatly with regard to times spent in DNAsynthesis, pre-synthesis, and post-synthesis [66] . Beginning in the mid 1960s with tritiated-thymidine labeling, and continuing into the late 1970s with the analysis of seminiferous-tubule whole mounts, Oakberg analyzed spermatogonial differentiation and replenishment. In the whole-mount analyses, done in collaboration with Claire Huckins (visiting from Baylor College of Medicine), he identified the slow-cycling spermatogonial stem cell (A s ), which divides to form, (a) another A s and (b) a cell committed to a path of differentiation after successive divisions (A s ! A a1 ! A 1 ! A 2 ! A 3 ! A 4 ! B, etc.), a process that includes cell alignment and the formation of cytoplasmic bridges (of A a1 cells) [67] . Stem cells are in a continuous cycle, and there is no ''reserve'' stem cell. The widely spaced A s cells are highly resistant to killing by radiation, but differentiating spermatogonia, by contrast, are very radiosensitive. Following depletion of the latter, A s survivors are awakened from their extra-long G 1 phase to begin DNA synthesis and repopulation of the seminiferous epithelium. The cell-cycle properties of the spermatogonial population have become established by day 21 of age. Oakberg's extensive studies on germ-cell populations following exposures to acute, protracted, or fractionated exposures of various types of radiation at various doses (or to a limited number of chemicals studied) provided essential information for assessing the possible roles of cell selection or synchronization in the interpretation of mutation-rate data.
In the normal ovary, Gene studied the timing of development of oocytes in various nuclear states and enclosed in follicles of various sizes and numbers of cell layers. He counted oocytes in females of a wide range of ages and found that atresia, much more than ovulation, accounted for the gradually decreasing numbers, and that sterility in mice sets in prior to the disappearance of all oocytes. When systematically studying the effects of radiation on oocyte survival, he discovered a stage of exquisite sensitivity (in 10-day old mice), when an exposure as low as 3 R caused significant cell death, and the LD50 was just 5 R. Subsequently, during the progress of maturation from arrested oocyte to ovulation, there occur two abrupt shifts: (a) from extremely low sensitivity to mutation induction to high sensitivity (Bill Russell's work), and (b) from very high to low sensitivity to cell killing. Oakberg found that both shifts took place at a stage marked by formation of the zona pellucida in stage-3b follicles. (A high-to-low shift was also found in presumed RNA synthesis measured by tritiated-uridine incorporation.) The shift in sensitivity to oocyte killing occurs at comparable stages in all mammals studied, even though the nuclear state (especially, the degree of chromosome condensation) of the arrested post-diplotene stage varies considerably among species. The guinea pig, which differs very markedly from the mouse in this latter respect, was studied in some detail by Gene; and, for a while, the Mouse House became home to a small group of guinea pigs. They made good pets to take home, because they were docile and, unlike mice, had no odor.
Molecular targets of mutagenesis; chemical dosimetry; DNA repair
Studies in chemical dosimetry with isotopically-labeled mutagens were initiated around 1970 by Bob Cumming and were expanded when Gary Sega joined the program the following year. Sega's work soon led to the identification of certain chemical targets. Using tritiated EMS (ethyl methanesulfonate) to measure ethylations in sperm heads by liquid scintillation counting, he found that the sperm most heavily ethylated had been late spermatids at the time of treatment, the cell stage most sensitive to the induction of dominant lethals. When measurements were performed in DNA extracted from sperm heads (at least 99% of proteins having been removed) ethylations were found to be at a constant level for a succession of exposed stages. It thus appeared that some other chromosome component (a protein) accounted for the ethylation peak in late spermatids. Sega determined that protamine synthesis occurs about two days prior to the stage at which late spermatids can be identified. Protamine (which replaces histones associated with nuclear DNA) is therefore present in the cells most sensitive to EMS induction of chromosome-breakage events. Further studies with labeled arginine and cysteine led Sega to propose that the target for chromosome breakage induced by alkylating agents was protamine [68] . He suggested that alkylation of cysteine sulfhydryl groups blocks disulfide-bond formation, and that this weakening of protein structure prevents proper chromatin condensation, leading to chromosome breakage. The finding of a non-DNA target for the induction of certain genetic damages provided a possible explanation for the fact that genetic effects in mammalian germ cells could not be reliably predicted from results obtained with non-germ-cell test systems.
Although a non-DNA target had now been discovered, DNA damage, too, was being investigated. In normal mouse spermatogenesis, the last DNA synthesis occurs in the spermatocyte just before the start of meiosis, but Sega, with collaborations by René Sotomayor and Bob Cumming, found that, after treatment with any of several mutagens of different types, unscheduled DNA synthesis (UDS) could be demonstrated in meiotic and early postmeiotic germ-cell stages (early spermatids) of the male, and that this was presumably a sign of DNA repair [69] . The most mature stages (late spermatids and sperm) and the male pronucleus do not, however, exhibit the capacity for DNA repair. For any of several alkylating agents, UDS in treated early spermatids was detectable at doses 5-10 times lower than those needed to detect dominant lethals or heritable translocations, making it a potentially sensitive indicator of mutational damage. There were some strain differences; thus, among 22 stocks tested with MMS, the highest and lowest responses differed by a factor of four. In general, a chemical's ability to induce a UDS response served as a predictor of the agent's potential for being a mutagen.
One example of how UDS and chemical dosimetry data could aid in the interpretation of mutagenesis results came from ENU experiments on spermatogonia. Bill Russell had found that 10 weekly doses of 10 mg yielded a SLT mutation rate only 13% that of a single dose of 100 mg [32] . Sega showed that over the range of 10-100 mg, UDS was directly proportional to the amount of ENU injected, and the same was true of DNA ethylations. This indicated that the greatly decreased mutation rate when the 100 mg dose was fractionated could not be explained by any failure of the chemical to reach the testis in proportionate amounts, and it led Bill to suggest that spermatogonia have the capacity to repair a major part of the genetic damage induced by ENU.
Sega's work also provided a possible procedure for human genetic monitoring. He developed alkaline-elution techniques for detecting the presence and amount of single-strand breaks in sperm recovered from mutagen-treated mice [70] . Investigation of the correlation between DNA strand breakage and the occurrence of genetic damage, such as translocations, could validate the use of alkaline elution in screening for DNA damage in human sperm.
Using the products of mutagenesis as biological tools in basic research
The large-scale production of progenies from mice exposed to a variety of mutagens, and the parallel observations of control (nonexposed) populations, yielded variants of all kinds that were not merely counted but routinely tested genetically and, sometimes, cytogenetically. Not only was this body of data informative for mutagenesis, but it allowed us to recognize potentially interesting mutations for use in a variety of basic studies. In turn, the findings from some of these studies informed the mutagenesis conclusions, (e.g., about how the nature of mutations was related to variables of exposure), or permitted development of mutagenesis methods (e.g., the numerical sex-chromosome-anomaly test).
Subjects of these basic studies included the sex chromosomes, mosaicism, male sterility, the fine-structure genetic and molecular analyses of specific-locus regions, and use of selected mutations to serve as models of human genetic disorders. While these subjects are covered in separate sections, below, several of them were interrelated in intriguing ways. 
. Sex determination
A big part of the basic-genetics research of the Oak Ridge Mammalian Genetics program involved the sex chromosomes, and the first major finding concerned the mechanism of sex determination. It all began before the Mouse House was ready for occupancy, and Bill, working in the single mouse room at X-10, was making crosses to develop the multiple-recessive stock to be later used in the SLT. Occasional sick looking and moribund males that were noted among the progenies turned out to carry a sexlinked recessive he named scurfy (sf), the first sex-linked mutation found in the mouse (but not the first to be published). Soon, exceptional scurfy females occasionally appeared in the stock, and though these, like the males, generally died before sexual maturity, Bill was able to test them genetically by means of transplanting their ovaries to normal females and thus obtaining offspring. With these genetic tests, he was able to rule out three of six possible explanations for the exceptional females; two other explanations involved very unlikely assumptions. The sixth (suggested by Bill Welshons, a Drosophila geneticist working in the group) was that the scurfy females were X sf 0 [71] . The occurrence of X0 females was soon confirmed by genetic experiments Welshons and I performed with two other sex-linked mutations that had also arisen at Oak Ridge (one of which, unlike sf, was viable and fertile in hemizygous condition) [72] . The genetic conclusions were confirmed by Ernie Chu's chromosome counts, which revealed that the exceptional females carried only 39, instead of 40, chromosomes. Since X0 mice -like XX -had now been shown to be viable and fertile females, while XY were male, it followed [72, 73] that the Y chromosome of the mouse was male determining -a sex-determination mechanism that differed completely from that in Drosophlla, the genetically most-studied animal. Our subsequent finding of an XXY mouse that was male strengthened this conclusion [74] . The role of the Y in bringing about maleness, and its interaction with other determinants of male differentiation, became the subject of subsequent studies in several other laboratories.
X-autosome translocations; X-chromosome activity
SLTs of the late 1950s yielded the first several occurrences of what turned out to be a rare but uniquely valuable type of chromosome rearrangement that my co-workers and I exploited during subsequent decades. The mutants were discovered by their external appearance: they were variegated for the marker phenotype, rather than uniformly colored. All were females that transmitted the variegated phenotype only to their daughters (roughly 50% of them), which, like their mothers were ''partially sterile,'' due to the prenatal death of approximately half their progeny. All sons of the variegated female mutants were normal (wild-type) in appearance, but half of them were completely sterile. The interpretation, derived from genetic tests with these first few cases (involving recombination studies with X and autosomal markers), was that each variegated, partially sterile female carried an X-autosome translocation, T(X;A). Exceptions to these phenotypes were found even among the earliest T(X;A)s to be propagated. A non-variegated translocation female was observed who was found to lack the normal X chromosome. She was thus X0, with her single X in two pieces, translocated with two pieces of the marked autosome. Soon thereafter there appeared a variegated male, who had an extra X chromosome. He was XXY, with one of his X's translocated with the marked autosome.
The T(X;A)s thus provided a large part of the evidence on which I developed the single-active X-chromosome hypothesis of 1961 [73] , independent of, and contemporarily with, Mary Lyon's inactive-X hypothesis. My evidence consisted of the mosaic phenotype produced by the autosomal recessive genes when the chromosome in which their wild-type allele was carried had been translocated with the X; and the finding that this mosaicism was produced by the translocation only in XX females and XXY males, but not in XY males or X0 females. A single X needed to be always active, but whenever there were two X's, only one or the other was active. The non-contiguous X -divided in different places by different T(X;A)s -and the spreading of X inactivity into certain attached autosomal segments provided favorable genetic material for hypotheses concerning mechanisms of X inactivation. Among other things, they indicated that not the entire X was subject to inactivation, and that inactivation emanated from an inactivation center from which it spread along gradients and to limited distances [75, 76] .
By 1983, 16 T(X;A)s (plus one insertional rearrangement) were known [77] , 12 of which had arisen at Oak Ridge. All but one had been induced by mutagens in postmeiotic germ-cell stages. Of the mouse's 19 autosomes, only seven had been involved in T(X;A)s, but part of this non-randomness was probably due to the bias in detection provided by the specific-locus markers present in most of the mutagenesis experiments that had yielded the T(X;A)s. The frequency of T(X;A) is lower than what would be calculated on the assumption that the X enters into viable translocations as readily as does the average autosome, and we attributed this deficit to the deleterious effects of functional hemizygosity for rearranged autosomal genes.
The T(X;A)s have furnished useful tools for basic studies. Primary among these is the information they can provide on the mechanisms of allocycly (alternative functional states) and inactivation by virtue of the facts that they interrupt the contiguity of the X, that they include genetic material (autosomal segments) that is not normally subject to allocycly, and that they provide cytological markers.
Here are some examples of the numerous other uses of T(X;A)s. (a) The fact that, in 11 of the T(X;A)s, one translocation product is longer than the longest autosome, furnished a tool (e.g., via flow sorting) for enriching DNA libraries for X-chromosomal or specificautosomal DNA. (b) Terry Ashley at Oak Ridge analyzed synaptonemal complexes of certain T(X;A)s to shed light on initiation of meiotic synapsis and synaptic adjustment (see Section 8.3). (c) It was possible to derive conclusions about the actions of some of the autosomal genes that were located on translocated segments and thus expressed in only portions of the body, while silenced in others. Did such genes act locally or organismically? For a gene whose total absence was known to be lethal, this question could be answered by introducing a corresponding deletion in the non-translocated autosome of T(X;A) heterozygotes. Several null conditions were thus shown not to act as cell lethals. (d) When apparent non-randomness of inactivity of the two Xs (translocated and intact) was noted only in cultures derived from a certain cell type, but not from elsewhere, this could indicate that action of a gene located in the translocated autosomal segment was limited to this cell type [78] .
Male sterility of all 16 reciprocal T(X;A)s is covered in the next section.
Genetic male sterility
A byproduct of the various Oak Ridge mutagenesis experiments was the identification of significant numbers of sterile males among the progenies. Starting with early SLTs and continuing over the years, rare T(X;A)s were being discovered, all 16 of which were eventually shown to be male-sterile [77] . An even larger source of sterile males were the numerous heritable-translocation tests performed by Generoso and his group (Section 5.2.1), in which translocation carriers in the male progeny of mutagenized mice were detected by their breeding performance (confirmed, in some cases, by cytogenetic analysis) [44] . Translocation carriers were expected to be ''partially sterile'' due to the fact that they produced chromosomally unbalanced segregants that died in utero. Appreciable numbers of the fertility-tested F 1 males were, however, found to be fully, instead of 'partially' sterile, i.e., they failed to get females pregnant. Nestor Cacheiro performed cytogenetic studies on large numbers of sterile males from this source [79] .
In the case of T(X;A) males, Gene Oakberg had found soon after their discovery that spermatogenesis stopped in pachytene of the first meiotic division, and this remained true of all subsequently discovered T(X;A)s that were propagated in stocks. Several of the hypotheses that had been proposed to account for the sterility of male T(X;A)s were tested by a number of our experiments. Offspring of aggregation chimeras (made by Martha Larsen in my laboratory) were found to be derived from the chimera's nontranslocation component only, indicating that the cause of sterility resides in the germ cells rather than being organismic [80] . In other experiments, genetic introduction of a long duplication homologous to the translocated autosomal segment (in which genes required for fertility might conceivably have been inactivated by the contiguous X) failed to rescue each of five different types of T(X;A) males from their sterility [81] . A few hypotheses invoking disturbances in normal X-Y pairing were eliminated by Ashley's synaptonemal-complex studies (Section 8. T(A;A)s constituted the bulk of the sterile sons of mutagenized males in Generoso's experiments. Autosomal translocations that caused male sterility, rather than 'partial sterility,' were those in which Cacheiro found at least one of the breaks to be located close to one end of a chromosome (note: such translocations do not cause female sterility). He suggested that male sterility might be the result of position effects produced when regions flanking centromeres are translocated to euchromatic regions of certain other chromosomes [79] .
Male sterility was found associated not only with structural, but also certain numerical, chromosome anomalies. The original XXY male copulated normally but lacked spermatozoa. Subsequent XXY males were likewise sterile, as were the XYY males that were probably the result of nondisjunction induced by certain chemical treatments of meiotic stages.
For mutagenesis treatments that produced genetically sterile male offspring, Cacheiro found treated cell stage to be more important than mutagen. Among progenies of spermatozoa or spermatids exposed to radiations, TEM, or EMS, there were large numbers of sterile sons, at least 80% of which carried one or more reciprocal translocations, namely T(Y;A)s or certain types of T(A;A)s. Among sons of exposed spermatogonia, on the other hand, sterility was rare and mostly due to causes other than translocations. Translocations are not readily inducible in females (Section 5.2.1), and sterility among sons of exposed oocytes was found to be associated with a miscellany of chromosome abnormalities, none of them reciprocal translocations.
Cytogenetics
The earliest cytogenetic back-up for the genetic research of the Mouse House was provided by Ernest Chu (a temporary member of the Program) in supporting the identification of X0 females and XXY males, and thus strengthening our conclusions about sex determination in mammals (Section 8.1.1). Chromosome banding had not yet come into use, and the evidence was based on chromosome counts.
When Nestor Cacheiro joined the Mouse House staff in 1967, his patient and able cytogenetic analyses of mutants recovered in the course of specific-locus and chromosomal-anomaly experiments (Sections 5.1 and 5.2) not only provided crucial information about the nature of the mutants, but spun off entire fields of enquiry, such as the study of genetic male sterility (Section 8.2). They also produced occasional incidental findings, such as the conclusion from different translocations involving the Kitl Steel locus that two formerly separate linkage groups were located in the same chromosome. Cacheiro was a masterful interpreter of Giemsabanded mitotic chromosomes. In addition, his autoradiographic preparations of T(X;A)s provided vital evidence for interpretations of chromosome activity in the X and in translocated portions of autosomes (Section 8.1.2). Expertise in the study of meiotic chromosomes was added via the synaptonemal-complex analyses by Dr. Terry Ashley, who joined the Mouse House crew as a visiting investigator in the late 1980s. Gross rearrangements provide excellent tools for shedding light on chromosome-pairing mechanisms and recombination events. Ashley compared the synaptic (meiotic) behavior of T(X;A)s with their Giemsa-band-based (mitotic) configurations and found that translocations that have both breakpoints in G-light bands exhibit only homologous synapsis and normal crossing over, while those that have one or both breakpoints in or at the border of a G-dark band exhibit nonhomologous synapsis and suppression of crossing over [82] . Ashley also studied a rare pericentric inversion discovered in a sex-chromosome-loss experiment, which, she found, exhibited consistently nonhomologous synapsis in the inverted segment [83] ; and she elucidated the meiotic effect of etoposide (Section 5.1.2), an agent unique in affecting recombination and segregation [33] .
Mosaicism: A pervasive theme
Mosaicism -both functional and genetic -remained a persistent interest throughout my research. The variegation exhibited by female T(X;A)s was of course a great example of functional mosaicism, as was everything about X-chromosome activity. As early as 1964 [36] , I examined numerous instances of genetic, as well as functional mosaicism. Genetic mosaicism could be of several kinds, one of which was chimerism of two different genomes. A spontaneous example of such a chimera occurred at Oak Ridge [84] , and genetic analysis revealed it to be caused either by retention and fertilization of the first or second polar body, or by the fusion of two zygotes. ''Aggregation chimeras'' could also be produced experimentally, and this procedure was later used by my student Gary Dunn to mimic the mosaic phenotype displayed by females heterozygous for an X-linked gene. Another group of aggregation chimeras, made by my technician Martha Larsen, demonstrated that the male-sterilizing action of T(X;A)s occurred within germ cells, rather than organismically [80] .
Most examples of genetic mosaicism involved not chimerism, but changes within a single genome. Even at that early date, the SLT had yielded enough mosaics (at marked loci) in progenies of irradiated and control mice for me to note their average 50:50 constitution, and to suggest that their origin might be spontaneous mutations occurring in what I later called the perigametic interval (Section 5.1.3). When the gonad was involved in this mosaicism, I was able to use the distribution of breeding results to draw conclusions about the origin of the gonad primordium. It appeared to be set aside in early embryonic development as a random assortment of a small number of cells, averaging about 5, from a cell population that, in these cases, was 50% mutant [36] .
Genetic mosaicism could also be induced, early or late in development, e.g., by ENU treatment of zygote stages (Section 5.3), which yielded 50:50 mosaics, or by any of a number of mutagenic treatments in much later stages, which yielded mutant spots for the ''spot test'' (Section 5.5). I also investigated mosaics that resulted spontaneously from frequent reverse mutations at the pearl (pe) locus. Finally, observations during the extensive routine genetic testing of SLT mutants yielded several mosaics that might have resulted from the rare spontaneous occurrence of somatic crossing-over, or of nondisjunction [36] .
Functional mosaicism was not limited to X-linked genes. Autosomal genes translocated in T(X;A)s can also be expressed in a mosaic fashion as a result of random single-X activity. Several ways in which I made use of this circumstance are mentioned in Section 8.1.2. Other instances of functional mosaicism for autosomal genes were encountered among rare mutant alleles of specific-locus markers. For at least three of these, we were able to show by breeding tests that the mottling allele was present in all cells but, at random, produced one phenotype in some, and an alternate phenotype in others [36] . Much more precise analysis became possible after we had entered the molecular era. In the Rinchik/Johnson lab, a specific-locus recessive mottling allele that had arisen spontaneously was shown to be a retroviral-like intracisternal A particle (IAP) insertion that isolates the promoter of the tyrosinase gene from upstream regulatory elements, leading to decreased or variable levels of Tyr product. Differences in the regulation of gene expression, quite possibly by chromatinstructure and/or epigenetic events, in individual skin melanocytes lead to a mosaic phenotype [85] .
In 1978, with the assistance of other members of the ORNL Biology Division, I organized a symposium on ''Genetic Mosaics and Chimeras in Mammals'' that was subsequently published as a book [86] . Speakers from more than 30 laboratories worldwide reported on studies not only on X-inactivation processes, but also on gamete differentiation, origin of the germline, and other developmental subjects. Questions were addressed by the analysis of spontaneous mosaics or aggregation chimeras, and by experiments with teratocarcinoma cells in mosaics produced by blastocyst injection or by construction of fusion chimeras.
Structure/function analyses of selected genomic regions
The numerous SLT experiments yielded multiple mutations at each of the seven loci, almost all of which were routinely tested for survival in the homozygous condition, and many of which were propagated in breeding stocks. Beginning in the mid 1960s, I started interbreeding d se deletions of separate origin in all possible combinations and soon expanded this work into an enormous grid that also included d and se mutations of all kinds. Mutants were also crossed to mice carrying markers at loci close to d and se to determine whether the mutation was a deletion long enough to include these neighboring genetic regions. Such complementation and deletion-mapping studies eventually succeeded in defining a complex of nested deficiencies encompassing each SLT-marker locus. In the d se region of Chromosome 9, almost 40 complementation groups could be thus identified, and several previously unrecognized functional units (genes?) were revealed and mapped to intervals between deletion breakpoints [87] .
Not long afterwards, similar efforts by my group (including, for 5 years, Dr. Ed Bernstine, and graduate students Dale deHamer, Jane Mendel, and Lorraine Albritton) defined large deletion complexes anchored, respectively, by c and p, $16 cM apart on Chromosome 7 [88, 89] . My later complementation studies with a-locus mutants (on Chromosome 2) were written up but, sadly, not published; but Rick Woychik's group performed molecular studies on numerous individual a-locus mutations. Gene Rinchik characterized and analyzed a deletion complex anchored by b (on Chromosome 4) [90] , and the p-complex analyses were continued by Dabney Johnson [91] , who had been Rinchik's graduate student under the University of Tennessee-ORNL program (and who became Section Head in 1997). Mutations involving the s locus were exported to Princeton, to be studied by Dr. Shirley Tilghman's group [92] ; and mutations involving the se locus went to Dr. David Kingsley at Stanford [93] . These loci were found to code for endothelin receptor-B (Ednrb) and bone morphogenetic protein 5 (Bmp-5), respectively, and the surrounding regions were extensively studied with the aid of the numerous Oak Ridge mutants.
The first molecular entry into a genetically defined deletion complex had become possible when Nancy Jenkins and Neal Copeland (then at the Jackson Laboratory) cloned a spontaneous viral integration near d. In 1983, Gene Rinchik, at that time a postdoc in their lab at the University of Cincinnati, started a longterm program of developing a physical map of the d se region by use of then relatively new recombinant-DNA technology, while simultaneously orienting that physical map to an ever-evolving genetic map, using the deletions as ''reagents'' [94] . He continued this work at Oak Ridge for 15 years as a staff scientist and later as Scientific Director of the Mouse Genetics Program, primarily concentrating on the c and p deletion complexes [95, 96] .
A good portion of this early work involved identifying cloned segments of DNA that would map to the deletion regions in question, followed by submapping these DNA probes to smaller intervals using the panel of deletions at each SLT locus. The extensive effort that was required for this seems quite inconceivable now, given the present relative ease of DNA amplification by PCR of any genomic segment according to the readily available complete DNA sequence of the mouse genome. Molecular entry was eventually achieved by several means, e.g., via nearby proviral integrations (as had been done for d); through the mapping of random anonymous clones from appropriately enriched DNA libraries; by mapping known clones thought to be located in pertinent chromosomal regions; or by cloning of specific genes that reside in regions corresponding to the deletions. Cloning of deletion breakpoint-fusion fragments enabled molecular ''jumps,'' to genes of interest that might be megabases away; it also served to isolate the actual breakpoint sequence for further study.
The deletion complexes generated at Oak Ridge were of various lengths, ranging up to a maximum (determined from the genetic distance between the nearest known excluded markers) of 11 cM for the complex centered on the c locus. In aggregate, they included 2-3% of the mouse genome [97] . These regional maps of functions and deletion breakpoints provided the framework on which to develop a high-resolution physical and fine-structure map, achieved through the mapping of DNA clones and single-gene mutations within the complex, and through ever-more detailed phenotypic analyses (by biochemical and embryological studies) of subregions.
Gene also sought to refine the functional genetic maps of the c and p deletion regions by a long-term series of regional pointmutagenesis experiments with ENU. By applying the hemizygosity screen that was so successful in Drosophila, he identified presumed point mutations with a recessive phenotype that mapped to the longest deletion at each region. These point mutations could then be fine-structure-mapped by genetic crosses with smaller deletions, and all mutations could subsequently be correlated with the physical/DNA-sequence map based on deletion breakpoints [98] . His experiments also provided an estimate of the number of loci within segments of defined length that are capable of mutating to a visible phenotype in the significant portion of Chromosome 7 that is covered by the c and p deletions; and they addressed a number of experimental and logistical issues that would have to be considered by anyone attempting to ''saturate'' any other region of the mouse genome with ENU-induced point mutations.
The in-depth studies on deletion-complexes led to the discovery of numerous mouse models for human genetic disorders. Some of these are summarized in Section 8.6.
In-depth studies of mouse mutants of significance to human health
Mutants of a variety of origins furnished excellent material for in-depth studies that helped provide information on human genetic diseases, or for homologous human DNA sequences. Some of these mouse mutations arose spontaneously in the colony or were identified in the course of genetic studies on other mutants (Section 8.6.1). Others were found through the physical and functional mapping of deletion complexes (Section 8.6.2). Finally, groups of pertinent mutants were created by means of mutagenesis (agent-induced or insertional) that aimed to discover specific genes or phenotpes of interest (Section 8.6.3).
Spontaneous mutations
The sex-linked mutation scurfy (sf) arose spontaneously very early and played a major role in discovering the nature of sex determination (Section 8.1.1). More than three decades later, Dr. Virginia Godfrey (who, in addition to being a Mouse House researcher, was also the Biology Division's manager of Laboratory Animal Resources) found that sf, by affecting the thymic microenvironment, caused a failure in B-lymphocyte development [99] . She suggested that the scurfy phenotype was a potential model for Wiskott-Aldrich syndrome, caused by an X-linked lethal mutation in humans.
Another sex-linked mutation, sparse-fur (spf), which had arisen spontaneously at another laboratory, provides a prime example of significant information uncovered in the course of genetic studies on Oak Ridge mutants. It was one of the markers used in crosses designed to map translocation breakpoints for T(X;7)s, in which we used testis weight as a phenotypic indicator for male translocation carriers (which are sterile, see Section 8.2). When removing the testes, we noticed the presence of bladder stones in spf males, and these were subsequently found by Dr. Robert DeMars (University of Wisconsin) to consist of orotic acid. His work led to the conclusion that spf causes the production of abnormal ornithine carbamoyl transferase [100] .
A complex rearrangement identified in the course of Generoso's extensive translocation experiments (Section 5.2.1) had transported the marker limb deformity, ld, into close proximity of the agouti, A, locus. Rick Woychik, who had previously cloned ld, used this ''jump'' as a means of molecularly accessing the agouti locus [101] and subsequently studying it in depth with the collaboration of several talented graduate students and postdoctoral investigators (most notably, Scott Bultman, Ed Michaud, R.J. Miltenberger). One of the significant findings was that the yellow allele, A y , causes ubiquitous over-expression of gene products associated with disorders resembling Type-II diabetes in humans [102] .
In the course of studies on the mutagen induction and cytogenetics of reciprocal translocations (Section 5.2.1), Generoso discovered that certain unbalanced segregants did not die very early in development, as is usually the case, but survived past birth and exhibited a varied array of developmental anomalies. Some of these, e.g. frontonasal dysplasia, provided models for morphogenetic disorders found in humans, and, in the late 1980s, these were studied in external collaborations. Dr. Lisa Stubbs, who joined the Mouse House program in 1993, developed a strategy for localizing morphogenetically significant genes disrupted by Generoso's translocations, by using DNA probes in FISH (fluorescent in situ hybridization) in the mapping of breakpoints. Stubbs has subsequently characterized some of the breakpoints and localized the gene whose expression is disrupted, which may not always map right at the breakpoint.
Selby's radiation-mutagenesis studies designed primarily for the estimation of human genetic risk from dominants (Section 5.4) occasionally yielded skeletal mutants of potential human interest, such as short digits (Dsh) and cleidocranial dysplasia (Ccd) [103] . Hereditary cataracts were found with appreciable frequency.
Mutations found through deletion mapping
A prime source of mouse models of human genetic disorders was the study of deletion complexes (Section 8.5). Several of the functional units identified in the course of these studies were newly discovered genes associated with morbidities or developmental anomalies of particular interest in the context of human health, and now made accessible to positional cloning. They thus furnished prime reagents for the elucidation of human disease conditions. For example, collaboration between Rinchik's group and Rob Nicholl's group (at Florida, Case Western, and Penn) that was focused on studying the molecular genetics of the Prader-Willi and Angelman Syndromes in humans, led to identification of the mouse pink-eyed dilution gene as the homolog of human Type-II oculocutaneous albinism, and provided mouse mutants that could be valuable for dissecting the individual components of these complex, large-deletion syndromes [104, 105] . Among many other examples was the study of isolated cleft palate (in the p-region complex), analyzed in molecular detail by Gene Rinchik's graduate student Bem Culiat [106] [107] [108] , and the study of a severe hematopoiesis defect caused by an allelic series of mutations at the fit1 locus [109, 110] , recovered in Rinchik's point-mutagenesis program of the c deletions. The early mapping and physical location of fit1, as well as the initial characterization of the fit1 mutation's effect on hematopoiesis, were accomplished by his graduate student Mark Potter, and the gene was finally identified as a clathrin-assembly gene (Picalm) by Research Associate Mitch Klebig. There were a few unexpected results, such as the finding that deficiency of a neurotransmitter receptor subunit results in isolated cleft palate during facial development.
Even several previously known genes, now mapped to the complexes, had become molecularly accessible. Among these were two models for hereditary deafness (sh-1 and wi). Detailed embryological studies of albino (c-locus) deletion-complex mutants performed more than two decades ago in Terry Magnuson's laboratory identified the functional unit eed (embryonic ectoderm survival) [111, 112] , which has more recently been found by him to encode a subunit for the protein complex that is involved in epigenetic regulation, a subject of high current interest.
Mutations created by mutagenesis
Finally, there were mutagenesis studies conducted with the specific aim of generating mutations that would provide models for human disease conditions. One such study, done in the mid1970s in collaboration with ORNL Biology Division scientists Ray Popp and Bruce Jacobson, was designed to detect new radiationinduced alleles at the hemoglobin loci, Hba and Hbb [113] . Because radiation was the mutagen, the yield of new alleles that were ''point'' mutations was low, but the experiment produced an unusual tandem duplication, useful for genetic experiments in other areas (e.g., Section 8.2).
A major program, initiated around 1990 by Rick Woychik, was designed to mutagenize mice by random insertion of foreign DNA in the genome, using transgenic mouse technology. Later, a brief program in targeted mutagenesis was headed by Mike Mucenski. Woychik's work would generate mutations that were molecularly tagged and could be cloned and further characterized. Several hundred transgenic lines were examined for potentially interesting aberrant phenotypes. One such insertional mutation was Tg737, which, in homozygotes, produces polycystic kidney disease that closely resembles the relatively frequent human ARPKD [114] . Another insertional mutation produced hearing abnormalities and a defect in the organ of Corti [115] .
A specific program was undertaken to search for Oak Ridge mutants with neurological and behavioral phenotypes (summary contributed by Dr. Dabney Johnson). In 1998/1999, ORNL and the University of Tennessee Health Sciences Center (UTHSC) at Memphis conceived the Tennessee Mouse Genome Consortium (TMGC). Using seed money from ORNL's Laboratory-Directed Research and Development program, scientific institutions across the state were encouraged to join, and to participate by using their expertise to search for neurological and behavioral phenotypes in ORNL mice generated by ENU mutagenesis. In 2000, the TMGC, consisting of ORNL, UTHSC, Vanderbilt University, Meharry Medical College, and St. Jude Childrens' Hospital, was awarded a large NIH grant to perform phenotype screening on the ORNLmutagenized mice. Mice exhibiting a wide variety of neurological and behavior abnormalities were provided to institutions across the globe for mapping and isolation of the mutant genes. Prior to the opening of our own new facility (Section 9), ORNL stocks provided for phenotyping were re-derived by embryo transfer into a specific-pathogen-free facility at the University of Tennessee, Knoxville.
The mutant legacy
In the early 1980s, we began a program of freezing embryos from mutant stocks with the initial objective of reducing the labor and cost of maintaining almost 1000 stocks. Methods for freezing mouse embryos that had been successfully developed by Peter Mazur and Stan Leibo elsewhere in the Biology Division were adapted to our special needs. Our expertise for removing, manipulating, and re-implanting embryos had been developed much earlier during experiments that involved aggregation chimeras. We attempted to freeze 400-1200 embryos per stock, depending on whether a mutant was homozygous viable, autosomal lethal, sex-linked lethal, etc. Initially, no stock was discarded 'off the shelf' until live-born offspring could be rederived following transfer of a sample of thawed embryos to the uteri of pseudopregnant hosts. The growth of our frozen-embryo bank was relatively slow for many years, with only one technician (Martha Larsen) on the job, but it accelerated greatly when it became apparent that DOE would be funding a new pathogen-free facility that could not accept live mice from our Mouse House. In the late 1990s and up to 2004, a great deal of technical staff effort went into the cryopreservation effort, using embryos and/or sperm, of the entire ORNL mouse-stock collection. After the move, stocks being used in active investigations were re-derived by embryo transfer into the new facility (see Section 10, below), while the rest of the collection was put into safe keeping in liquid nitrogen to meet future requests for recovery of any stock.
Not only are many of the mutant resources cryopreserved for future research, but numerous stocks were distributed around the world before they were frozen. It is difficult to estimate the total number, but one report mentions that between 1989 and 1993, for example, more than 80 laboratories were utilizing stocks that originated in the Mouse House. Information about the entire Oak Ridge genetic resource is contained in the extensive Mutant Mouse Database that was constructed by Betty Lou Alspaugh from detailed information collected by Pat Hunsicker and myself over the course of several years, beginning in 1996. This database is presently administered by the Jackson Laboratory (http:// research.jax.org/grs/oak-ridge.html).
The research lives on in another way too, the Collaborative Cross (account contributed by Dr. Dabney Johnson). The Collaborative Cross project consists of hundreds of multiparental recombinant inbred lines created to enable the identification of genes that control the expression of complex genetic traits. The idea for this project was presented in 2002 at a satellite meeting of the International Mouse Genome Society, and represented the start of the Complex Trait Consortium (CTC). A breeding design was developed by the CTC to generate new inbred strains that are a mix of eight founder inbred lines from The Jackson Laboratory (TJL) by crossing the founders in all possible combinations and then inbreeding the resulting recombinant lines. In 2004, the CTC requested that ORNL assume the responsibility for starting 1000 of these recombinant lines because of our recognized expertise in large-scale, carefully controlled mouse-breeding experiments. By then, we had moved into our new, specific-pathogen-free mouse facility and thus could easily share mice with all collaborators.
In 2004, we received both the founder lines and F 1 breeders from TJL, created a database for tracking and to ensure randomness of brother x sister matings from the F 1 breeders, made some welcome suggestions about how so many matings could be done most efficiently, and began the establishment of 1000 lines [116] . Additional lines were begun at two others sites (Tel Aviv University and Geniad in Western Australia). All the lines, including those generated at ORNL, were moved to the University of North Carolina (UNC) at Chapel Hill starting in 2009.
There are currently nearly 150 lines that are close to being inbred; about 90% of the lines that were begun have failed, as expected, from deleterious phenotypes resulting from homozygosity. UNC has led extensive genome analyses to determine molecular genotypes, recombination sites and rates, and remaining regions of heterozygosity; and collaborators have done mathematical modeling and computer simulations of expected recombination outcomes of the multiparental mixing. In addition, nearly-inbred mice are being distributed world-wide for phenotyping and mapping of genes that control complex genetic traits.
The end comes, but the scientific legacy lives on
Groundbreaking for the new building took place in September of 2001, with Bill Russell as one of the ceremonial shovel wielders. Two months later he suffered the stroke whose after-effects eventually led to his death in 2003, the year the new building became ready for occupancy. Located at the west end of X-10, it was named the ''William L. and Liane B. Russell Laboratory of Comparative and Functional Genomics,'' and the remaining Mouse House staff planted a white oak in Bill's memory. By that time, the former Mammalian Genetics Section, renamed Systems Genetics, had shrunk to a fraction of its former research staff. The axe finally fell in 2009, when DOE's funding in the area of biology became limited to energy-related research, and NIH budgets had shrunk severely. Mice from the Collaborative Cross (Section 9) were moved to UNC, where former ORNL staff member Darla Miller now oversees the project. Others were killed, and the huge collection of frozen embryos and sperm that preserves hundreds of invaluable mutant strains (Section 9) was shipped to the Jackson Laboratory.
About six decades had passed since Bill had come from the Jackson Lab to start a program that, over time, grew in size and scope to include a group of scientists whose work served to advance the boundaries of biology in several areas. For germ-cell mutagenesis, it explored the important physical and biological factors that affect the frequency and nature of induced mutations, thereby furnishing not only essential information for risk estimation, but making several unexpected and exciting discoveries. Among these was the major importance of the perigametic interval (the zygote stage) for the origin of spontaneous mutations, and for the sensitivity to induction of both gross chromosomal changes and point mutations. Of practical value was the development of new methods and the discovery that ENU was a supermutagen for point mutations, a finding that came to make high-efficiency mutagenesis in the mouse feasible worldwide. Studies supporting the mutagenesis research added whole bodies of information about mammalian germ-cell development, and about molecular targets in germ cells. And a separate small teratogenesis effort resulted in recommendations still generally accepted in radiological practice.
Ever since the beginnings of the field of genetics, the study of the exceptions, or the surprises, has furnished the best experimental approach for identifying basic biological processes, and then understanding them. Bill's early decision not only to record and count genetic variants of all sorts, but to propagate them for further study, opened the door to this approach. Findings discussed in earlier sections, such as the discovery of the Y chromosome's importance in sex determination in mammals and the identification and study of rare X-autosome translocations (which led to the formulation of the single-active-X hypothesis), were all made possible by further study of unexpected or unexplained variants that popped up in our mutagenesis studies over the years. X-autosome translocations, in turn, facilitated a host of investigations in diverse areas, such as functional mosaicism for autosomal genes, male sterility, and chromosome-pairing mechanism. In these early days, it was thrilling to make many of the exciting findings by deductive inference; later, molecular techniques permitted more direct discoveries. Extensive genetic and then molecular analyses of huge numbers of induced specific-locus mutants (products of mutagenesis tests) resulted in fine-structure physical and correlated functional mapping of significant portions of the mouse genome and constituted a valuable source of mouse models for human genetic disorders, as were variants arising in other parts of the program, or 'manufactured' specifically for such purposes.
There probably won't be another Mouse House, but, hopefully, the knowledge and the resources that came out of it will produce exciting research for a long time to come.
